Recent investigations have raised the possibility that ocular diurnal rhythms might be involved in the regulation of eye growth. Specifically, the chick eye elongates with a daily rhythm, said to be absent in form-deprived eyes. The present study asks : (1) Which components of the eye have daily rhythms-only the overall eye size, or also choroidal thickness or anterior chamber depth ? (2) Does the phase or amplitude of these rhythms differ in eyes growing either faster than normal (form-deprived eyes) or slower than normal (eyes recovering from form-deprivation myopia) ?
Introduction
The eyes of many species start out ametropic and grow towards emmetropia during early post-natal life. The strongest evidence that visual experience may regulate the growth of the eye to match its length to its optics comes from studies showing that the eyes of chicks compensate for artificially induced refractive errors produced by spectacle lens wear (Schaeffel, Glasser and Howland, 1988 ; Irving, Sivak and Callender, 1992 ; Wildsoet and Wallman, 1995) . In addition, depriving the eye of form vision by a vareity of manipulations that permit the transmittance of light, but not images, causes the eye to elongate excessively and become myopic (Sherman, Norton and Casagrande, 1977 ; Wiesel and Raviola, 1977 ; Wallman, Turkel and Trachtman, 1978 ; Yinon et al., 1979 ; Hodos and Kuenzel, 1984 ; Yinon and Koslowe, 1984 ; Marsh-Tootle and Norton, 1989 ; Sivak, Barrie and Weerheim, 1989 ; Norton, 1990) . Restoration of normal vision results in a decrease in the rate of ocular elongation and the eventual return to emmetropia (Wallman and Adams, 1987) .
Several recent studies, mostly on chicks, have implicated the involvement of ocular diurnal rhythms in normal eye growth, and in deprivation-induced ocular elongation. First, it was found that dopamine, a retinal neuromodulator whose levels fluctuate in a diurnal rhythm (being high during the day and low at night), is reduced during the day in form-deprived chicken and monkey eyes Stone et al., 1989) . Second, Weiss and Schaeffel (1993) found that ocular elongation in normal chick eyes is diurnally rhythmic, showing greater rates during the day than during the night (see also Schmid et al., 1995) . This elongation rhythm appeared to be absent in form-deprived eyes, which were reported to grow at the same rate during the night as during the day. The loss of growth inhibition at night was proposed as an explanation for the overall increase in ocular growth in these eyes. Third, both constant light and constant dark (the absence of temporal cues) results in excessive ocular elongation in otherwise normal eyes (constant 0014-4835\98\020163j19 $25.00\0\ey970420
# 1998 Academic Press Limited light : Lauber, Shutze and McGinnis, 1961 ; constant dark : Gottlieb, Wentzek and Wallman, 1987) . Furthermore, it was shown that eyes exposed to constant light show both a loss of rhythmicity in elongation and reduced levels of retinal dopamine (Bartmann et al., 1994) . Might the increased elongation of both constant light and form-deprivation be a consequence of the loss of rhythmicity in underlying growth processes of the eye ? In the case of constant light, it is easy to imagine that the absence of a Zeitgeber (presumably the daily rhythm of light and dark), could result in a loss of ocular rhythmicity. In the case of form deprivation, however, because diffusers do not prevent the transmittance of light, any change in ocular rhythms would have to be the result of the reduction in visual transients, rather than of light per se. Alternatively, the altered rhythmicity caused by both form-deprivation and constant light might be a consequence, rather than a cause, of the excessive rate of elongation.
In order to further examine the role of diurnal ocular rhythms in eye growth, we examined in detail the diurnal rhythms in axial length and choroidal thickness in eyes with three treatments to ascertain if there were notable rhythmic differences related to the rates of growth. Form-deprived eyes (which were elongating more quickly than normal) and eyes recovering from deprivation myopia (which were elongating more slowly than normal), were compared to normal eyes.
This study augments that of Weiss and Schaeffel (1993) in three ways. First, the ' axial length ' changes measured by Weiss and Schaeffel were changes in the distance from the cornea to the retina. Because this dimension did not include the tissues behind the vitreous\retina interface, namely, the retina and choroid, the changes observed could be the result either of changes in the overall length of the eye (i.e. scleral growth) or of changes in the thickness of the retina and\or choroid. To distinguish between these two possibilities, we refined our ultrasonography measurement system to be able to distinguish the interfaces between the respective layers of the ocular tunic.
Second, the conclusions drawn from the Weiss and Schaeffel study are based on data collected at 12 hr intervals (i.e. at the Nyquist frequency of a circadian rhythm) ; such under-sampling carries the risk of underestimating the amplitude of the rhythm, or even of overlooking an existing rhythm if the times of measurement fall at the mesor (the value midway between the peak and the trough). To avoid these potential problems, we measured the eyes 3 or 4 times per day. In one set of experiments, the dimensions of the eye were measured at 6 hr intervals : 6 am, noon, 6 pm and midnight over 5 days, which entailed interrupting the ' night ' twice (midnight and 6 am). Because it is known that stimulation during the night can shift the phase of circadian rhythms, in another set of experiments we measured only during the ' on ' phase of the light\dark cycle : at 8 am, 2 pm and 8 pm.
Finally, as mentioned, the study included eyes that had decreased their growth and were recovering from form deprivation myopia. It is known that restoring normal visual input by removing the diffusers results in a rapid thickening of the choroid, and a subsequent cessation of axial growth, both of which contribute to a return to emmetropia . We asked whether the diurnal rhythms of these ' recovering ' eyes differed from those in normal and\or formdeprived eyes. Some of these data have been presented in abstract form (Nickla and Wallman, 1995a ; Nickla, Wildsoet and Wallman, 1996) .
Methods

Animals
White Leghorn chickens (Gallus gallus) were obtained as 1-day-old hatchlings from Truslow Farms (Chestertown, MD, U.S.A.) and housed in temperature controlled brooders with a light\dark cycle of 14L\ 10D. (Lights came on at 8 am, and went off at 10 pm for all experiments). Food and water were provided ad libitum. Three groups of birds were used in this study : normal birds (no manipulation), form-deprived myopic birds (one eye was deprived of form vision on the second day after hatching until day 12), and birds that were ' recovering ' from form deprivation-induced myopia (the diffuser was removed from the formdeprived eye on day 13 after hatching).
To induce myopia, white plastic dome diffusers (light attenuation 0n6 log units) were glued to the feathers around one eye of each bird on day 2. For the F. 1. Ultrasound traces. Expanded traces of the back of 3 eyes to illustrate the consistency of peaks in the wave forms corresponding to the interaces. R, front of retina (vitreal-retinal interface) ; Ch, front of choroid (retinalchoroidal interface) ; S1, inner sclera (choroidal-scleral interface) ; S2, outer sclera. Amplitude is the peak to trough difference of the sine wave fit to the data ; phase is indicated by the time of peak of the sine wave fit to the data. These parameters are derived in two different ways, and are separated accordingly. The parameters from the sine wave fit to the mean of all the data are in columns under ' from averaged data ', and are used descriptively in the text and noted to the right of the line graphs. The parameters derived from the sine wave fit to individual eyes are in columns under ' from individual eyes ' [withpstandard deviations and number of eyes (n)]. These are the data used in all statistical comparisons of amplitude and phase, and include only those eyes that meet our criterion for goodness of fit (Methods). For phase, data from the eyes comprising the ' good fits ' are shown as well as the data from all eyes, for comparison. For the amplitude of form-deprived eyes, data includes eyes from both the ' 1-day ' and ' 5-day ' experiments. ' Daily mean change ' is the slope of the linear regression fit to the mean of the data for all eyes in a group.
Ultrasonography Measurements
For ultrasound biometry, chickens were lightly anaesthetized with halothane (0n8 %, in oxygen, Halocarbon Laboratories) ; the eyes were not explicitly cyclopleged, although the halothane causes some mydriasis and therefore presumably some cycloplegia. To attain the high resolution required, A-scan ultrasonography was carried out using a 30 MHz polymer transducer (Panametrics Model 176599), sampled at 100 MHz with a Sonix 8100 A\D board in a computer, as described previously Schmid et al., 1996) . Internal ocular dimensions measured in this manner were, anterior chamber depth, lens thickness and vitreous chamber depth (posterior lens to retinal inner limiting membrane), as well as retina, choroid and scleral thicknesses. Axial length is defined as the sum of the components from the cornea to the front of the sclera, and as such, represents a true measure of the length of the globe (as opposed to conventional ultrasound which measures to the retina).
The accuracy of these measurements rely on the consistency of the wave forms representing the various interfaces at the back of the eye, and the ability to consistently choose the equivalent peaks within the wave forms. As an example of the variation in typical wave forms of the back of the eye, Fig. 1 shows three representative traces from different eyes. The arrows indicate our selection of the peaks corresponding to the vitreal\retinal interface (R), the retina\choroidal interface (Ch), the choroidal\scleral interface (S1) and the back of the sclera (S2) in each case. In this way, it is possible to obtain the thicknesses of the retina and choroid. We found that in normal eyes aged 1-4 weeks, the distance between R and Ch (retina) is relatively invariant, and is approximately 245-255 µm. These values are in accord with retinal thickness data obtained from measuring histological sections, both by us and by Barrington (1990) and are also in agreement with data obtained using laser interferometry, a completely independent method of measurement (Schmid et al., 1996) . The relative invariance of retinal thickness in normal eyes is used as an internal check on the validity of the choroidal\ retinal interface peak assignment. (A detailed description of peak selection can be found in Nickla, 1996) .
As an estimate of the accuracy of our technique, repeated measurements of the eye were made (eight measurements, with 4 traces per measurement, and realignment in between each of the 8 sets) ; the means and standard deviations thus derived are shown in Table I . The standard deviations range from 3n5 µm (retinal thickness) to 19n6 µm (anterior chamber depth).
Experimental Paradigms
Three different studies were undertaken. The light cycle was 14L\10D : lights went on at 8 am, off at 10 pm for all experiments.
Interrupted night Two groups of birds were studied. First, 5 normal and 4 form-deprived myopic birds were measured at 6 hr intervals for 5 days and 4 nights starting at noon on day 12. Times of measurement were 6 am, noon, 6 pm and midnight. The measurements at midnight and 6 am exposed the chicks to short periods of visual stimulation during their night ; this was minimized by making measurements under dim light conditions and by keeping the birds in a light-tight box until their turn for measurement, and by returning them to darkness immediately upon completion of the measurement (usually within 5 minutes). Second, 10 form-deprived myopic birds were measured at 6 hr intervals over 24 hr (starting at 6 am on day 12 ; ' 1-day experiment ').
Uninterrupted night For purposes of comparison with the Weiss and Schaeffel study (measurements at 8 am and 8 pm), and as a control for visual stimulation during the night, a second series of experiments involved measurements carried out at 8 am, 2 pm and 8 pm over 5 days. These sampling points were selected on the basis that they provided data at two 6 hr intervals during the day and did not interrupt the night. Seven form-deprived birds were used in this study (yielding 7 ' deprived ' eyes and 7 ' fellow control ' eyes). In a second study, 5 normal birds (10 eyes) were measured at these times over 2 cycles.
Eyes ' recovering ' from deprivation In this group (n l 8), one eye of each bird was form-deprived from day 2 until day 13. The diffusers were removed on day 13, immediately prior to the evening measurement (8 pm), and subsequent measurements were carried out at 8 am and 8 pm (12 hr intervals) for 4 days and 5 nights. On the final day and night (over 24 hr) data were collected at 6 hr intervals (8 am, 2 pm, 8 pm, 2 am and 8 am) ; these data were used in the sine wave analyses (see below).
Data Analyses
The ' growth curves ' (A of Figs 2-4, 6 and 8-10) are assumed to be composed of a diurnal rhythm superimposed on a constant rate of growth. To separate these, a linear regression line was fitted to the data for each eye ; the mean slope of this line defines the mean steady rate of growth (noted to the right of figures). The regression line was then subtracted from the data points for each eye and the residuals averaged across the eyes to estimate the pure cyclic component ; thus the symbols in the ' insets ' represent the mean fluctuation around the mean slope.
To ascertain the mean amplitude and phase, a sine wave having a period of 24 hr was fitted to the mean residuals (line in inset). This analysis yields a mean amplitude (expressed as peak to trough) and a mean phase (expressed as time of occurrence of the peak) ; these are noted to the right of the insets, and are listed in Table II under ' from averaged data '. This curvefitting procedure allows the phase to be specified with a precision greater than the 6 hr sampling interval, and the amplitude to be more accurately estimated than from the average daily differences measured because one is unlikely to have made the measurements at exactly the peak and trough of the rhythm. In this analysis we have not attempted to estimate rhythmic components at frequencies higher than one per day.
T-tests (paired or unpaired, as appropriate) were used for all statistical comparisons of phase and amplitude, these parameters were obtained from sine waves fit to individual eyes. For these analyses, we used only those data meeting the criterion of goodness of fit that the mean standard deviation of the residuals of the sine wave fit to the data was less than 85 % of the standard deviation of the raw data. These means and standard deviations are listed in Table II under ' from individual eyes ' ; the number of eyes in each group is noted in parentheses. For a comparison, the mean peak for all data, regardless of goodness of fit, are shown under ' all data '.
Results
Diurnal Variations in Normal Eyes Axial length
The axial elongation of normal eyes is diurnally rhythmic, with the greatest increase occurring in the early part of the day, and a decrease in length occurring during the early night. The data from the residuals averaged () and the sine wave fit. Note the precise fit of a sinusoid having a 24 hr period. (C) ' Raw ' changes in the rate of elongation per 6 hr interval, and standard error bars. The x-axis denotes the midpoint of each 6 hr interval, for instance, 9 am represents the changes in length between 6 am and noon. Eyes elongate most in the morning, and shrink in the evening (6 pm to midnight). nights ; at each midnight point (arrows) there is a mean reduction in length compared to the previous point at 6 pm.
Because similar procedures for data representation will be used throughout this paper, these procedures will be discussed in some detail using the axial length data for normal eyes in Fig. 2 as an example. The growth curve in Fig. 2(A) is separated into ' continuous ' and ' cyclic ' components as described in the Methods. For didactic purposes, Fig. 2(B) shows the mean of all cycles shown in the inset : the squares represent the mean of the data points for each time of measurement (x axis) and the line is the sine wave fit to this ' collapsed ' data. Note the quite precise fit to the data of a sine wave having a period of 24 hr (a diurnal rhythm). This graph illustrates that there is a mean fluctuation of about 37 µm around the continuous rate of elongation of 72 µm per 24 hr.
The changes in length occurring over the time course of the day can also be represented by subtracting the length at each time point from the length at the next time point for each eye. This gives the mean ' raw ' changes in rate of growth over the 6 hr intervals measured [ Fig. 2(C) ]. In these eyes, there was a mean increase in length between 6 am and noon of about 50 µm, and a decrease in length between 6 pm and midnight of about 20 µm.
As an aside, it should be noted that using the same procedures as described above, one could divide the day into only two parts and measure the observed growth rate during these 12 hr intervals. We computed the growth rate expected if the growth modulation was the sinusoid fitted to our 6 hr interval data. In this case, one 12 hr interval, corresponding to the peak and trough, would yield maximum differences (3 : 30 am and 3 : 30 pm, in the example shown), whereas another choice of 12 hr interval-6 hr distant (9 : 30 am and 9 : 30 pm in this case)-would yield zero differences ; these correspond to the times at which the sine wave intercepts the x axis (i.e. the ' mesor ', or points midway between the peak and trough). This exemplifies the inherent risks of undersampling in the characterization of rhythmic phenomena.
In summary, in normal eyes axial elongation is diurnally rhythmic, increasing during the day and decreasing during the night (Fig. 2) . All cycles shown in Fig. 2(A) showed a net shrinkage at midnight compared to the prior 6 pm : in the 10 eyes followed for 4 days, the length at midnight was less than at 6 pm in 29 out of 40 cases, despite the continuing ocular elongation. The rate of elongation is highest in the morning (67 µm\6 hr), it decreases in the afternoon and reverses (eyes shrink by 18 µm\6 hr) in the evening [ Fig. 2(C) ]. Each of the 6-hr rates shown in Fig. 2(C) is significantly different from the adjacent one, with the exception of the 9 am and 3 am midpoints (t test, P 0n05), and all but the evening interval (midpoint at 9 pm) differ from zero (P 0n0001, P 0n005, .., P 0n05, respectively).
Choroid
A novel finding of this study is that the choroid, the vascular tissue behind the retina, shows diurnal fluctuations in thickness. For the 10 normal eyes followed for 4 days [ Fig. 3(A) ], the choroid thickness was greater at midnight (arrows) than at the prior 6 pm time point in 29 out of 40 cases, and in absolute terms, the greatest rate of thickening occurs in the evening and the greatest thinning later during the night [ Fig. 3 (B) : 14 µm\6 hr at 9 pm vs. k18 µm\ 6 hr at 3 am, t l 4n7, P 0n0001]. The amplitude of this rhythm is 16 µm, just under half that of the axial length rhythm, and the peak occurs at midnight [ Fig.  3(A) ; Table II ]. Thus the rhythms in choroid thickness and axial length are approximately anti-phase to each other, with the choroid increasing in thickness at the same time that the eye is decreasing in length [compare Fig. 3(B) to Fig. 2(C) ]. This difference in phase (Table II, 7n5 hr, .. l 2n1 hr, t l 3n5, P 0n01) is statistically significant.
Diurnal Variations in Form-Deprived and Fellow Eyes Axial length : interrupted right
Form-deprived eyes Form-deprived eyes show a diurnal rhythm in axial length that is similar to normal, increasing during the day and decreasing at night (Fig. 4) , although the rhythm is less apparent in the figure than is the case for normal eyes because the higher rate of growth (161 µm\day) requires a Averaged data over all cycles for form-deprived eyes from both ' 5-day ' (n l 4) and ' 1-day ' (n l 10) experiments, and sine wave fit to these data. Note the similar time of mean peak. (C) Axial length data normalized to the mean and sine wave fit for the 7 paired eyes (form-deprived and fellow untreated eyes) meeting our criterion for goodness of fit (see Methods). On y-axis each interval is 10 µm. In these birds there is a significant phase advance of 3n4 hr for the deprived eyes relative to their fellow eyes. (D) ' Raw ' change in axial length in form-deprived eyes () and fellow untreated eyes (7) per 6 hr interval, and standard error bars.
compressed ordinate scale [ Fig. 4(A) , >]. Despite the high rate of elongation, the length at midnight was less than at the prior 6 pm in 9 out of 16 cases (4 eyes followed over 4 days). The consistency of this finding was confirmed by the 10 form-deprived eyes from the ' 1-day ' experiment ; Figure 4 (B) shows the mean F. 5. (A) Diurnal changes in axial length in formdeprived () and normal ( ) eyes measured at 8 am, 2 pm and 8 pm. Note that the first two intervals represent 6 hr, while the third is 12 hr. There is no significant difference between day and night in form-deprived eyes, however, normal eyes elongate significantly more during the day than during the night. (B) Change in ' cornea to retina ' distance in form-deprived eyes ; a comparison between the present data () and that of Weiss & Schaeffel (1993) (6) . There is no significant difference between day and night in either set of data.
' collapsed ' data and sine wave fits for eyes from both the 1-day (dashed lines) and 5-day (solid lines) experiments ; note the similar times of mean peak at approximately 2 pm.
To statistically compare the phases of form-deprived and fellow normal eyes, the comparison was restricted to birds in which both eyes were adequately fit by the ' goodness of fit ' criterion described in the Methods. In the resulting 7 pairs of eyes (out of 14, from both 1-day and 5-day experiments), the form-deprived eyes showed a phase advance of 3n4 hr relative to their fellow control eyes [ Fig. 4(C) , paired t test, t l 2n8, P 0n05]. This might be indicative of a deprivationinduced shift relative to normal eyes (from normal birds), however, there was not a significant difference in either phase or amplitude between form-deprived and normal eyes (normal birds) (Table II) .
Fellow eyes
The fellow untreated eyes of formdeprived eyes show a similar diurnal rhythm in axial length [ Fig. 4(D), 7] , elongating least during the night [compare to Fig. 2(C) ]. Not surprisingly, the rate of growth of fellow eyes is not significantly different from normal (82 vs. 72 µm\day), but is significantly lower than that of form-deprived eyes (compare with 161 µm\day ; t l 2n8, P l 0n05). The latter difference largely reflects the greater growth of the formdeprived eyes in the late night [ Fig. 4(D) , 3 am midpoint : 72 vs. 26 µm\6 hr, t l 3n2, P 0n005].
Axial length : uninterrupted night
Because form-deprived eyes show minimal axial elongation around 12 am (Fig. 4) , it is to be expected that eyes measured at 8 am, 2 pm and 8 pm would show less of a diurnal rhythm than when the nighttime point is included [compare dashed to solid lines, Fig. 4(A) ]. In fact, when the change in length over 12 hr intervals (between 8 am and 8 pm) are calculated, these eyes do not show significant day\ night differences [ Fig. 5(A) , : 99 vs. 73 µm\12 hr, P l 0n07), in contrast to normal eyes measured at these times [ Fig. 5(A) , : 85 µm vs. k10 µm\ 12 hr, P 0n0001] and to form-deprived eyes measured 4 times per day, although the mean overall rates of elongation are similar (167 vs. 161 µm\day). This finding is in accordance with the results of Weiss and Schaeffel (1993) , who reported that form-deprived eyes did not show a significant diurnal difference in the distance from cornea to retina when measured at 8 am and 8 pm [ Fig. 5(B) , Weiss and Schaeffel (1993) , 6 ; present study, ] ; neither set of data shows a significant day vs. night difference. In the Discussion we will argue that 8 am and 8 pm were unfortunate choices of measurement times for the form-deprived eyes because they coincide with the zero-crossing of the underlying sinusoidal function.
Choroid : interrupted night
The choroids of form-deprived eyes show diurnal fluctuations in thickness similar to normal eyes [ Fig.  6(A) ], although the amplitude of this rhythm is nearly twice as large as in normal eyes (from averaged data : 37 vs. 16 µm ; from individual eyes : 49 vs. 30 µm, t l 3n1, P 0n01), despite the fact that the mean thickness in deprived eyes is about half that of normal eyes [compare Fig. 6(A) and 3(A) ]. Choroids thicken during the evening (30 µm\6 hr) and thin during the morning [k24 µm\6 hr, , Fig. 6(B) ] with a peak at 2 : 30 am. The consistency of this pattern is evidenced F. 6. (A) Diurnal change in choroidal thickness in form-deprived eyes (----) and the sine wave fit to the data. Arrows denote midnight. The choroid is thickest around midnight. (B) ' Raw ' change in choroidal thickness in form-deprived () and fellow untreated eyes (7). In both, the choroid thickens in the evening and thins in the morning.
by the fact that for the 4 eyes followed for 4 days, the choroidal thickness was greater at midnight than at the prior 6 pm in 15 out of 16 cases. The choroidal and axial length rhythms in these form-deprived eyes are exactly opposite one another in phase ; this phase difference is statistically significant (Table II, 12 hr, .. l 1n0 hr, t l 11n8, P 0n001).
A similar pattern to that just described for the formdeprived eyes (and normal eyes) is also evident in the choroidal rhythm of their fellow eyes, which show an evening increase in thickness and a decrease later in the night [7, Fig. 6(B) ]. There is also a general increase in variability [compare standard error bars in Fig. 6(B) ; these two groups have equal n values].
Vitreous chamber depth : interrupted night
Vitreous chamber depth describes the distance from lens to retina ; its daily rhythm results from rhythms of opposite sign in axial length (decreasing at night) and choroidal thickness (increasing at night), and shows the changing position of the retina with respect to the F. 7. Diurnal change in vitreous chamber depth per 6 hr interval in form-deprived (), fellow untreated (7), and normal ( ) eyes with standard error bars. lens (Fig. 7) . In normal and form-deprived eyes, because the choroidal changes are smaller than changes in axial length and of opposite phase, the phase of the rhythm in the vitreous chamber depth resembles that of the axial length rhythm (peaks in the afternoon, Table II) but the amplitude is larger than that of both axial length and choroid (Table II) .
The pattern of diurnal changes for the fellow eyes are similar to both form-deprived and normal eyes, although again the variability in the data is greater for these eyes (Fig. 7, 7 ; compare standard error bars, groups have an equal n).
Diurnal Variations in Recovering and Fellow Eyes Axial length
Recovering eyes Eyes recovering from form-deprivation-induced myopia also show diurnal fluctuations in axial length, increasing more during the day than during the night (Fig. 8) ; this rhythm is superimposed on a mean steady rate of elongation which is significantly less than that of form-deprived eyes, but greater than that of normal eyes (121 vs. 161 µm and 72 µm\day, respectively, Table II) . Note, however, that the rate of 121 µm\day represents all 4 days of measurement ; by the fourth day of unrestricted vision the elongation has slowed to 49 µm\day [last cycle in Fig. 8(A) ]. This recovery process can be seen more dramatically in Fig. 9(A) , which shows the decreasing vitreous chamber depth resulting mostly from the increasing choroidal thickness. The slower changes in axial length than in choroidal thickness are in accordance with previous results . The vision-induced decrease in the rate of elongation in recovering eyes appears to be a consequence of a selective effect on the night-time rate of elongation ; while the daytime rate of elongation is similar to that of form-deprived eyes measured over the same intervals (means : 96 vs. 99 µm\12 hr respectively), the rate of night-time elongation is significantly lower (means : 25 vs. 73 µm\12 hr, t l 3n8, P 0n0005). The day-night difference in the rate of elongation of these recovering eyes is also statistically significant [96 vs. 25 µm\12 hr ; t l 5n9, P 0n0001, Fig. 8(B) ].
The cyclic component of the rhythm (as measured at 6 hr intervals only over the last 24 hr) has a peak at 8 pm [ Fig. 8(A) inset ; Table II ], which represents a significant phase-delay relative to the rhythms of both normal and form-deprived eyes of 4-5 hr (Table II, normal eyes : t l 2n3, P 0n05 ; form-deprived eyes : t l 2n5, P 0n05). In addition, the amplitude is significantly smaller than that of both normal and form-deprived eyes (Table II , mean of amplitude, 26 µm vs. 40 and 52 µm, respectively ; t l 2n2 and 2n3, P 0n05).
Fellow eyes
In recovering birds, the axial length rhythm of the fellow eyes is similar to that of the recovering eyes, increasing more during the day than during the night [ Fig. 8(B) , 6] and here also the daynight differences are statistically significant (97 vs. 13 µm\12 hr, t l 7n9, P 0n0001). This rhythm has a peak at 6 : 30 pm, and an amplitude of 49 µm (Table II) .
Choroid
Recovering eyes The choroids of recovering eyes increased by a mean of 525 µm over the 4 days following the removal of the diffuser, at a rate of 124 µm\day [ Fig. 10(A) ], in accordance with previous findings . Our new finding is that the thickness of choroids from recovering eyes showed diurnal fluctuations, thickening much more during the day than during the night [ Fig. 10(B) and (C), 109 vs. 15 µm\12 hr, t l 7n6, P 0n0001]. Over the first night, after only 2 hr of unrestricted vision, the choroids thickened by approximately 75 µm, thereafter they increased in thickness only over the day with essentially no change at all during the subsequent nights [ Fig. 10(B) ].
The amplitude of the rhythm in choroidal thickness in recovering eyes is approximately twice that of normal eyes (from averaged data : 43 vs. 16 µm ; from individual eyes : 54 vs. 30 µm, t l 4n0, P 0n005). The peak of the rhythm occurs at 8 : 00 pm (Table II) , making it similar in phase to the axial length rhythm. This constitutes a significant phase advance relative to the choroid rhythms of both normal eyes (3 hr, t l 2n1, P l 0n05) and form-deprived eyes (6 hr, t l 12, P 0n001 ; all statistics done on eyes meeting fitness criterion). Furthermore, these shifts in phase in axail length and choroidal thickness rhythms in recovering eyes result in the two rhythms now being in phase with one another (mean phase difference : F. 8. Diurnal change in axial length in eyes recovering from form-deprivation myopia. (A) Mean change in axial length measured at 12 hr intervals for the first 3 cycles, then at 6 hr intervals over the last cycle. Inset, residuals and sine wave fit to the data for the last 24 hr ; scale bar on right. (B) ' Raw ' change in axial length over 12 hr intervals in recovering eyes () and fellow eyes (6). 0 hr), compared to the out-of-phase relationships in normal and form-deprived eyes (mean phase differences : 8n75 hr and 12 hr, respectively, Fig. 12 ). This phase difference (axial length vs. choroid thickness) between recovering and normal eyes is statistically significant (phase differences : t l 3n8, P 0n005).
Fellow eyes
The choroids of fellow eyes of recovering eyes showed diurnal fluctuations in thickness similar to recovering eyes [ Fig. 10(C) , 6], thickening during the day and thinning at night (8 vs. k9 µm\12 hr, t l 2n8, P l 0n006), although the changes are significantly smaller than in recovering eyes. The fact that the 6 hr interval data for the last 24 hr could not be fitted by a sine wave with a 24 hr period precluded the assessment of phase.
Vitreous Chamber Depth
Recovering eyes The large increase in choroidal thickness in recovering eyes results in a decrease in vitreous chamber depth of approximately 200 µm over the 4 days [ Fig. 9(A) ]. These decrements are greater during the day than during the night [ Fig.  9 (C), : k55 vs. k5 µm\12 hr, t l 5n3, P 0n0001). The peak of this rhythm occurs at 9 am [ Fig.  9(A) ; Table II ], making the phase of the rhythm in vitreous chamber depth in antiphase to the rhythm in axial length [compare to inset in Fig. 8(A) ; Table II ], in contrast to what is found in normal eyes, in which the two rhythms are approximately in phase with one another. The amplitude of this rhythm is also about half that of normal eyes, reflecting the fact that the F. 9. Diurnal change in vitreous chamber depth in eyes recovering from form-deprivation myopia. (A) Change in vitreous chamber depth measured at 12 hr intervals for the first 3 cycles, then at 6 hr intervals over the last cycle. Inset, residuals and sine wave fit to the data for the last 24 hr ; scale bar on right. Note that in these eyes, the vitreous chamber decreases over F. 10. Diurnal change in choroidal thickness in eyes recovering from form-deprivation myopia. (A) Change in choroid thickness measured at 12 hr intervals for the first 3 cycles, then at 6 hr intervals over the last cycle. Inset, residuals and sine wave fit to the data for the last 24 hr ; scale bar on right. (B) Rate of change in thickness ( µm) in recovering eyes for each successive 12 hr interval ; N is night, D is day. Note the very consistent pattern of change in rate over the day vs. night, with the exception of the first night, over which the choroid thickens by an average of 75 µm. (C) ' Raw ' change in choroidal thickness over 12 hr intervals in recovering eyes () and fellow eyes (6), and standard error bars. the course of the experiment. (B) Change in vitreous chamber depth for fellow eyes ; same conventions as in (A). Note that in these eyes, like normal, the vitreous chamber continues to increase. (C) Change in vitreous chamber depth per 12 hr interval in recovering eyes () and fellow eyes (6). Note the nearly exact opposite pattern of growth in these eyes.
F. 11. Diurnal change in anterior chamber depth. (A) Change in anterior chamber depth over 12 hr intervals in recovering eyes (), fellow eyes of recovering eyes (6), normal ( ) and form-deprived (7) eyes (and standard error bars). Recovering birds were measured at 8 am and 8 pm, normal and form-deprived birds were measured at 6 am and 6 pm. (B) Average for all cycles of residuals and sine wave fit to the data for normal () and form-deprived ( ) eyes. Bars are standard errors. axial length and choroidal rhythms are in phase with one another, and thus the vitreous chamber rhythm is a consequence of the difference between these, whereas in the normal eyes the vitreous chamber rhythm is a consequence of their sum.
Fellow eyes The vitreous chambers of fellow eyes
show the opposite pattern to that of recovering eyes in that they increase at the same mean rate as the latter decrease [compare Fig. 9 (B) and 9(A) ; Fig. 9(C) : 59 vs. k55 µm\12 hr, t l 10n7, P 0n0001. As in the axial length, the changes are greater during the day than during the night [ Fig. 9(C) : 59 vs. 0 µm, t l 6n8, P 0n0001]. The cyclic component of the vitreous chamber rhythm shows a peak at 5 : 00 pm and an amplitude of 33 µm [ Fig. 9 (B), inset ; Table II], the latter being similar to that of recovering eyes (Table  II) .
Anterior Chamber Depth
Two independent rhythms have been describedthat of the axial length and that of the choroidal thickness-which are in antiphase in normal and F. 12. Phase relationships between axial length (--) and choroidal thickness (----) rhythms in normal (top), form-deprived (middle) and recovering (bottom) eyes. In normal and form-deprived eyes the two rhythms are approximately out of phase (9 hr in normal eyes and 12 hr in form-deprived eyes). In recovering eyes, the two rhythms are in phase. All y-axes span 60 µm, in 10 µm increments. On x-axes, 12 is noon and 0 is midnight.
form-deprived eyes and in phase in recovering eyes ; surprisingly, we found that the rhythm of the anterior chamber depth, a component of the axial length, appears to differ in phase from both axial length and choroidal thickness. This conclusion carries the caveat that the anterior chamber data are more variable than for the other components measured, perhaps because of the greater variability in the echoes from the corneal surface. For this reason, the ' raw ' changes in rate for the 12 hr intervals only, are shown for all eyes (Fig. 11) .
Like the eye as a whole, the anterior chamber shows a steady rate of elongation over the period of measurement in all types of eyes measured (normal eyes : 19n6 µm\day ; form-deprived eyes : 14n6 µm\ day ; recovering eyes : 38n3 µm\day ; no significant differences at P 0n05 level in t tests). In both normal and form-deprived eyes, the anterior chamber, unlike the axial length, increases more during the night (6 pm to 6 am) than during the day (6 am to 6 pm), although the differences do not quite reach statistical significance [ Fig. 11(A) , normal, night vs. day : 20n3 vs. 2n5 µm\12 hr ; form-deprived : 16 vs. k4n5 µm\ 12 hr]. (In fellow eyes of form-deprived eyes, there is no apparent day vs. night difference ; data not shown). Only the night time increase in length in the normal eyes is significantly different from 0 (t l 2n6, P 0n05). If the data are subjected to the sine wave analysis, both normal and form-deprived eyes show peaks [at 9 : 30 am and 7 : 30 am, respectively ; Fig.  11(B) ] that are in advance of the rhythm in axial length (peaks at 3 : 30 pm and 2 : 00 pm, respectively).
In contrast to normal eyes, the anterior chamber depth of both recovering and their fellow eyes increases more during the day than during the night [ Fig.  11(A) , recovering eyes, day vs. night : 37 vs. 3 µm\ 12 hr, t l 3n8, P 0n0005 ; fellow eyes : 23 vs. 0 µm\ 12 hr, t l 2n1, P 0n05]. The daytime increase in length in recovering eyes is statistically significant (t l 4n9, P 0n0001). The large degree of variability in the 6 hr interval data for these eyes (6 hr intervals measured over the last 24 hr only) precluded the fitting of a sine wave having a period of 24 hr, hence the phase of the rhythm could not be derived. However, if we look at the changes over 12 hr intervals, the anterior chamber rhythm is approximately in phase with the rhythm in axial length in these eyes, both increasing more during the day [compare Figs 11(A) and 8(B)]. Furthermore, the diurnal increase in anterior chamber depth accounts for nearly half of the diurnal increase in axial length (approximately 40 of 100 µm).
From an optical perspective, it is the position of the retina in relation to the cornea that is important, and in recovering eyes, the rhythm in anterior chamber depth, combined with the other growth rhythms, has the effect of ' stabilizing ' the retinal position with respect to the cornea. This is a consequence of the fact that the rhythm in anterior chamber depth is approximately in phase with the rhythm in axial length, and comprises approximately half of its magnitude, together with the fact that the choroid thickens by 100 µm per day ; the end result is that the position of the retina remains relatively constant in relation to the cornea (zero slope with respect to time), but moves forward each day in relation to the posterior lens surface as the choroid expands (the distance between posterior lens and retina (vitreous chamber depth) decreases by about 50 µm per day).
Differences between Recovering, Deprived and Normal Eyes
In summary, eyes that are recovering from form deprivation myopia exhibit several notable differences from normal and form-deprived eyes. First, there is a large steady increase in the thickness of the choroid, which reflects an immediate compensatory response to the myopic defocus imposed on the eye by the removal of the diffuser. Second, the phase relationship between the axial length and choroidal rhythms of recovering eyes are reversed compared to those of normal and form-deprived eyes. To illustrate this, Fig. 12 shows the sine waves fit to the mean data for the axial length and choroidal rhythms for normal (top), form-deprived (middle) and recovering (bottom) eyes. In both normal and form-deprived eyes, the mean rhythm in axial length is approximately 180 degrees out of phase relative to the respective mean choroidal rhythm (phase differences of 8n5 hr and 12 hr respectively), while in recovering eyes the rhythms are exactly in phase with one another. This difference in recovering eyes is the result of shifts in both axial and choroidal rhythms relative to those of normal and form-deprived eyes that are approximately equal and opposite in direction.
Discussion
We here report that there are diurnal rhythms both in the elongation of the eye (axial length) and in the choroidal thickness in all the visual conditions studied. However, the phase relationships of the rhythms depend on the visual condition. With respect to axial length, in both normal and form-deprived eyes the greatest elongation occurs in the morning, and the eye shrinks in the evening. With respect to choroidal thickness, both normal and form-deprived eyes show prominent diurnal rhythms with a peak occurring around midnight ; hence this rhythm is approximately in anti-phase to the rhythm in axial length. In eyes that are recovering from myopia, the rhythm in axial length shows a significant phase delay relative to normal (and form-deprived) eyes, while the rhythm in choroidal thickness is significantly phase-advanced and has a significantly larger amplitude. The consequence of the shifts in phase in recovering eyes is that the axial length and choroidal thickness rhythms are in phase with one another.
Axial Length and Choroidal Rhythms in Normal and Form-Deprived Eyes
By measuring the dimensions of the chick eye at 6 hr intervals over 5 cycles, we show that the growing eye undergoes diurnal oscillations in length. Weiss and Schaeffel (1993) had previously shown diurnal fluctuations in the distance from cornea to retina (labeled ' axial length ') ; the present findings indicate that this rhythm is composed of at least two rhythmic components : that of the length of the globe (what we call axial length), and that of the choroidal thickness. Because the rhythms of these two components are in anti-phase to one another, the position of the retina and the vitreous chamber depth oscillate with an even larger amplitude than the axial length. In the middle of the night, the eye is shortest and the choroid thickest, bringing the retina forward ; in the middle of the day, the eye is longest and the choroid thinnest, bringing the retina further back, away from the lens.
Our results indicate that these rhythms are susceptible to visual influences ; myopic defocus (produced by removing the diffuser) causes the rhythm in axial length to become delayed relative to normal, and the rhythm in choroidal thickness to become advanced, the net effect being that the two rhythms become in phase with one another. Furthermore, form-deprivation might cause a small phase advance of the rhythm in axial length relative to normal eyes. Despite these phase shifts caused by visual influences, the diurnal rhythmicity itself is retained both in rapidly elongating, visually-deprived eyes and in eyes that have slowed their elongation in response to myopic defocus (recovering eyes). In contrast, Weiss and Schaeffel (1993) reported that the ' axial length ' rhythm was abolished in deprived eyes. This difference in results cannot be accounted for by a difference in the efficacy of the deprivation procedure, as in both cases the rate of elongation in the deprived eyes was at least twice that of normal eyes. In fact, when we measured at the same times they did, 8 am and 8 pm, we too found no significant diurnal rhythms in the axial elongation of form-deprived eyes.
What accounts for the finding of rhythmicity in form-deprived eyes measured at 6 hr intervals but not in eyes measured at 8 am and 8 pm ? For a sinusoidal rhythm with a 24 hr period, the greatest difference between successive 12 hr intervals would occur at the times of the peak and trough, with no difference at times 6 hr equidistant from these. In the form-deprived eyes measured at 6 hr intervals, the estimated times of the peak and trough were at 2 pm and 2 am respectively. Hence, the times at which there would be no measurable change would be at 8 am and 8 pm, with intermediate differences being expected at 6 am and 6 pm, which is exactly what was found. This probably accounts for the lack of diurnal differences in form-deprived eyes measured at 8 am and 8 pm, although the possibility that measuring the eyes during the night could have induced rhythmicity in the form-deprived eyes can not be excluded. We speculate that the reason normal eyes measured at these times show a diurnal rhythm in elongation while form deprived eyes do not, is probably the result of a small difference in phase between the two conditions, although the data did not reach statistical significance in this respect.
Functional Significance of the Rhythms in Choroidal Thickness and Axial Elongation
It has recently been shown that the choroid plays a dynamic role in refractive development by providing a means of adjusting the position of the retina with respect to the image plane, thickening in response to myopic defocus and thinning to hyperopic defocus . What might be the functional significance of the diurnal rhythm in the thickness of the choroid reported here ?
Evidence from other work shows that the thickness of the choroid may influence the rate of ocular elongation. Thinner choroids are associated with eyes elongating more rapidly (deprived eyes or eyes wearing negative lenses), and thicker choroids with eyes elongating more slowly (eyes recovering from formdeprivation, or eyes wearing positive lenses) Wildsoet and Wallman, 1995) . This anatomical correlation has a biochemical counterpart : when pieces of scleral tissue from normal eyes are cocultured with thick choroids from recovering eyes, the proteoglycan synthesis in the sclera is lower than in scleras co-cultured with thin choroids from normal or myopic eyes (Gottlieb, Nickla and Wallman, 1993 ; Marzani and Wallman, 1997) . Furthermore, the strong correlation between refractive error imposed by spectable lenses and choroidal thickness argues that the refractive error can determine choroidal thickness.
The daily rhythms in ocular elongation and choroidal thickness must cause a small rhythmic change in refractive error, which in turn may influence the thickness of the choroid and thereby the amount of inhibitory molecule released, finally resulting in a negative feedback action which reduces refractive error. Because we do not know what delays are involved in each step of this cascade, we cannot tell how much of the rhythm in ocular elongation is intrinsic, how much is attributable to the choroidal changes at the time and how much is attributable to the changes in intraocular pressure that occur more or less in phase with the changes in axial length (see companion paper). Nonetheless, we speculate that the degree of choroidal thickening is determined by the degree of refractive error sensed during the day, and that this provides a mechanism to fine tune ocular elongation.
As an example of the sort of influences that might be at work, consider that in the normal eye, the diurnal rhythms of the choroid and axial length might result in a relative myopia at noon, when the choroid is at its thinnest and the eye at its longest. If the delays between refractive error changes and scleral growth changes are long (12 hr or more), this myopia might cause choroidal thickening and scleral growth inhibition the following day (assuming that the amount of scleral inhibition is proportional to the amount of choroidal thickening), causing the eye to oscillate around emmetropia, and reducing the amplitude of the oscillations. According to this view, the basic pattern of diurnal changes in choroidal thickness and ocular length are autonomous, but they are influenced by refractive error.
In the recovering eyes, the presence of high myopic refractive errors increases the choroidal thickness by several hundred microns. Previous tissue culture experiments (Gottlieb et al., 1993 ; Marzani and Wallman, 1997) suggest that only these thick recovering choroids secrete significant amounts of scleral inhibitor. We conjecture that only in these dramatically thickened choroids are the daily rhythms in inhibitor secretion sufficient to modulate scleral growth and thereby ocular elongation. If the time required for the inhibition was about 12 hr, this might cause the phase of the rhythm to become reversed. Thus we suggest that in normal and form-deprived eyes the rhythm of ocular elongation is relatively independent of the choroidal inhibition, but in the recovering eyes, the rhythm becomes largely driven by this inhibition causing the phase reversal of the rhythm." If this conjecture has merit, the same would also hold true for eyes wearing high power positive spectacle lenses, which also show expanded choroids and in which we find a similar reversed phase relationship between axial and choroidal rhythms (compared to normal) as we find in recovering eyes . It is interesting to note, that regardless of the possible functional significance of the phase reversals in recovering eyes, it appears that imposed myopic defocus has a greater effect on the phases of these rhythms than does form-deprivation.
The amplitude of the choroidal rhythm is larger than normal in both the thinner choroids of rapidly growing form-deprived eyes and the thicker choroids of slower growing recovering eyes. In addition, choroids of eyes compensating for either j15 D or k15 D spectacle lenses show larger than normal amplitude rhythms (unpublished data). The fact that these larger amplitudes occur both in eyes that are growing more rapidly as well as in eyes growing more slowly indicates that choroidal amplitude per se does not directly determine, nor is determined by the rate of growth. We speculate that the larger amplitude choroidal rhythm in form-deprived eyes may reflect the endogenous choroidal rhythm which is attenuated by visual feedback in normal visual conditions.
Rhythms in Anterior Chamber Depth
Although one is inclined to view the axial length rhythm as principally reflecting the changes at the posterior pole of the eye, it was found that the anterior chamber depth also shows a diurnal rhythm, and that this varies in phase with the visual conditions, complicating the interpretation of axial changes. The anterior chamber depth, like the axial length, in-" The plausibility of this conjecture is also suggested by a comparison of the waveforms of rhythmic elongation of the normal and recovering eyes. The normal eyes are fit remarkably well by a sinusoid (Fig. 2) . If eye growth were modulated by choroidal growth inhibitors secreted in proportion to choroidal thickness [which also varies in recovering eyes in a remarkably sinusoidal fashion- Fig.  10(A) ], this would constitute the multiplication of two sinusoids, which would be expected to produce the asymmetric waveform of the sort shown by the ocular elongation of the recovering eyes in Fig. 8(A) .
creased over the time of the present experiments, indicating that there is active growth occurring at the front of the eye. The fact that the corneal epithelium exhibits diurnal fluctuations in cell division and growth (Cardoso et al., 1972 ; Fogle, Yoza and Neufeld, 1980 ; Oishi, 1984) raises the possibility that the fluctuations in the anterior chamber depth reflect rhythms in corneal growth separate from those occurring at the posterior pole in the sclera. This would be consistent with the phase of the rhythm in anterior chamber depth appearing to vary depending on the visual condition experienced, independent of the phase of axial length as a whole.
In recovering eyes, the relatively large diurnal rhythm in anterior chamber depth in phase with the rhythms in axial length and choroidal thickness result in the position of the retina relative to the cornea being relatively invariant from day to day, without substantial diurnal oscillations. This is not the case in normal and form-deprived eyes, because without the choroid progressively thickening, the distance between retina and cornea progressively increases, and with the rhythms in choroid and axial length out of phase, there are diurnal fluctuations in the cornea to retina dimension. This ' retinal stabilization ' in eyes with extreme myopic defocus might not only halt myopic progression, but also the prevention of oscillations in refractive error may have functional significance as processes are set into motion to inhibit scleral growth. More detailed analyses of the phase relationships between the various rhythms in recovering eyes are required in order to go beyond speculating on the functional significance.
Possible Underlying Influences on Axial Elongation
It has been implicitly argued that there is an autonomous rhythm in scleral growth that determines the rhythm in ocular elongation and is modulated by choroidal inhibitory growth factors. It is unlikely, however, that these are the only contributing influences ; we propose that the rhythm in elongation is the outcome of not one, but several interacting rhythms.
Indirect evidence for endogenous scleral growth rhythms comes from work showing that scleral sulfated glycosaminoglycans, a component of the extracellular matrix, shows a daily rhythm in synthesis (Nickla and Wallman, 1995b ; Devadas and Morgan, 1996) , which continues for several days in vitro (Nickla and Wallman, 1995b) . Because the rate of elongation of the chick eye is correlated with the rate of synthesis of scleral glycosaminoglycans (Rada, Thoft and Hassell, 1991 ; Rada et al., 1992) , it is likely that rhythms at the molecular level might contribute to the rhythmic changes in eye size.
Furthermore, it has been shown that there are rhythmical changes in intraocular pressure (IOP) in normal chicken eyes (Nickla and Wallman, 1995a ; Nickla, Wildsoet and Wallman, 1998) , and that the compliance of the eye is such that one would expect the diurnal changes in pressure to cause substantial daily changes in length, with elongation during the day and shrinkage at night, as we report here. However, the effect of the IOP rhythm is not simply one of inflating the eye ; specifically, phase differences are found between the rhythms in IOP and elongation. It is concluded that the rhythm in axial elongation is the outcome of several underlying diurnal ocular rhythms, including choroidal thickness, intraocular pressure and proteoglycan synthesis. The elucidation of the mechanisms by which these ocular rhythms interact and so regulate the rate of ocular growth opens up new avenues for future research.
